This paper shows that it is possible to construct well-defined 2D structures at the air-water interface in which the lateral organization is controlled by means of the preparation of mixed films, and selecting the components so that there are attractive interactions between them. The goal here is to establish the lateral connection between components through self-aggregation of the dye. This can be achieved by selecting a suitable balance between the sizes of the hydrophobic and polar groups. In such a way, the domain structure depends on the ability of the tilt dye to fill the available area. Thus, the molecular organization and the domain morphology of mixed films containing dimyristoyl-phosphatidic acid (DMPA) and the hemicyanine dye, 4-[4-(dimethylamino)styryl]-1-docosylpyridinium bromide (SP), have been studied by using Grazing Incidence X-ray Diffraction (GIXD), Brewster angle microscopy (BAM), and reflection spectroscopy at the air-water interface. For this mixed system, the formation of circular domains with bright horizontal regions and dark vertical regions was observed. Furthermore, depending on the temperature, it is observed as branches grow from circular domains, whose brightness depends on the growth direction. Thus, BAM images allow us to observe some branches that, as their growth direction changes, their brightness also changes simultaneously. The GIXD experiment permits us to relate the circular domains with an orthorhombic phase and the branches grown from the circles with an Overbeck phase. In both cases, the formed structures are induced by the hemicyanine aggregation. Circular BAM domain textures have been simulated by using the Fresnel equations for biaxial anisotropic materials.
Introduction
The development of methods to build well-ordered assemblies of molecules into larger structures is a current objective of supramolecular chemistry. 1, 2 In this sense, the air-water interface is an ideal model for these purposes, as it is easy to prepare in a pure state and also because the surface coverage can be smoothly adjusted by using the Langmuir trough technique. 3 However, Langmuir monolayers are interesting not only in a fundamental way but also as a means to build an ordered system on mesoscopic length scales. 4 The domains observed in Langmuir monolayers at high surface pressures indicate the formation of large structures. At the nanoscopic scale, the physical properties of these domains are determined by the relations between chemical composition, structure, and organization of these materials. 5 However, at the mesoscopic scale the domain shape is controlled by the competition between the dipolar energy of the domain and the line tension energy. 6 Thus, the repulsive dipolar interaction of the molecules within a domain favors a large boundary-to-area ratio, by which the electrostatic energy is reduced. 7 In this case, the domain morphology does not entirely correspond to the molecular lattice structure. 8 To design well-defined structures in which the lateral organization is controlled, we need somehow to compensate the repulsion energy between dipoles. One method to compensate this repulsion energy is to form monolayers containing different components with attractive interactions between them. Thus, Vollhardt et al. studied melamine-type monolayers, where the amphiphilic molecules are connected by hydrogen bonds through nonsurface-active species such as barbituric acid. 2 This type of bonding leads to the formation of large domains with long-range orientation of the molecules. Another method to compensate the repulsion energy between dipoles, and used recently by us, 8 is the preparation of mixed monolayers of an anionic phospholipid (DMPA) and a water-soluble cationic dye (methylene blue, MB), which is retained at the interface by electrostatic interactions, establishing lateral connections through self-aggregation of the dye. This paper attempts to show that the method used in the DMPA:MB system can be applied in a general manner to other dyes that show self-aggregation, under the condition of a suitable balance between the sizes of the hydrophobic and polar groups. Thus, if a c is the interfacial area occupied by the hydrophobic group when alkyl chains are fully extended, and a 0 is the minimum interfacial area occupied by the headgroup, dyes to be selected should obey a c g a 0 . In this way, the domain structure depends on the ability of the dye to fill the available area excess (a c -a 0 ).
To verify the above approach, mixed films containing dimyristoylphosphatidic acid (DMPA) and an amphiphilic hemicyanine dye (SP) in a molar ratio of 1:1 have been studied. It is known that the hemicyanine group suffers H-aggregation at the air-water interface, [9] [10] [11] [12] [13] [14] [15] and therefore it is a suitable compound for the study indicated. The behavior of this mixed monolayer has been studied by using reflection spectroscopy, [16] [17] [18] [19] Brewster angle microscopy (BAM), [20] [21] [22] [23] [24] [25] as well as Grazing Incidence X-ray Diffraction (GIXD). 5, [26] [27] [28] [29] [30] The BAM technique has revealed an exciting large variety of morphological textures, also designated as condensed phase domains. These domains can exhibit a striking inner anisotropy and form subdomains of different brightness which have been attributed to regions of different molecular orientation. 24, 25, [31] [32] [33] [34] [35] Specifically for the SP: DMPA ) 1:1 system, we observed the formation of circular domains with bright horizontal regions and dark vertical regions. Furthermore, depending on the temperature, it is observed as branches grow from circular domains that brightness depends on the growth direction. Thus, BAM images allow us to see some branches that when changing their growth direction, their brightness changes simultaneously. In our system, the SP molecules absorb at 532 nm (wavelength of the laser used in BAM), being the SP absorption the origin of the appearance of the domain textures. The experimental circular domains textures have been simulated on the basis of the Fresnel equations for biaxial anisotropic materials on isotropic substrates. This simulation permits us to obtain information about the rearrangement of the dye polar group in the domains. Furthermore, additional information on the rearrangement of the alkyl chain has been obtained from GIXD.
Experimental Section
Materials. Hemicyanine dye, 4-[4-(dimethylamino)styryl]-1-docosylpyridinium bromide (SP), and dimyristoylphosphatidic acid (DMPA) were purchased from Sigma-Aldrich and used as received. Their molecular structures are depicted in Scheme 1. A mixture of chloroform:methanol, ratio 3:1 (v/v), was used as the spreading solvent for solving both components. The pure solvents were obtained without purification from Aldrich. Ultrapure water, produced by a Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis system (>18.2 MΩ cm), was used as a subphase. The subphase temperature was 21°C with pH 5.7.
Methods. Two different models of Nima troughs (Nima Technology, Coventry, England) were used in this work, both provided with a Wilhelmy-type dynamometric system using a strip of filter paper: a NIMA 611D with one moving barrier for the measurement of the reflection spectra, and a NIMA 601, equipped with two symmetrical barriers to record BAM images. The monolayers were compressed at a speed of ∼0.1 nm 2 min -1 molecule -1 . UV-visible reflection spectra at normal incidence as the difference in reflectivity (∆R) of the dye film-covered water surface and the bare surface 36 were obtained with a Nanofilm Surface Analysis Spectrometer (Ref SPEC, 2 supplied by Accurion GmbH, Göttingen, Germany).
Images of the film morphology were obtained by Brewster angle microscopy (BAM) with a I-Elli2000 (Accurion GmbH), using a Nd:YAG diode laser with wavelength 532 nm and 50mW, which can be recorded with a lateral resolution of 2 µm. The image processing procedure included a geometrical correction of the image, as well as a filtering operation to reduce interference fringes and noise. The microscope and the film balance were located on a table with vibration isolation (antivibration system MOD-2 S, Accurion, Göttingen, Germany) in a large class 100 clean room.
Grazing Incidence X-ray Diffraction measurements of the monolayer were performed at 21°C at the BW1 beamline, HASYLAB, DESY (Hamburg, Germany). A Langmuir film balance equipped with a single movable barrier and a Wilhelmy plate for monitoring the lateral pressure was placed in a hermetically closed container filled with helium. At BW1, a monochromatic synchrotron X-ray beam (λ ) 1.304 Å) was adjusted to strike the helium/water interface at a grazing incidence angle R i ) 0.85R c (R c ) 0.13°) and illuminated roughly 2 × 50 mm 2 of the surface. During the measurements, the trough was laterally moved to avoid any sample damage by the strong X-ray beam. A linear position-sensitive detector (PSD, MYTHEN, Switzerland) was rotated to scan the in-plane Q xy component values of the scattering vector. The vertical channels of the PSD measured the out-of-plane Q z component of the scattering vector between 0 and 0.8 Å -1 . The diffraction data consisted of Bragg peaks at diagnostic Q xy values. The accumulated position-resolved counts were corrected for polarization, effective area, and Lorentz factor. Model peaks taken as Lorentzian in the in-plane direction and as Gaussian in the out-of-plane direction were least-squares fitted to the measured intensities. The diffracted intensity normal to the interface was integrated over the Q xy window of the diffraction peak to calculate the corresponding Bragg rod. The thickness of the monolayer was estimated from the fwhm of the Bragg rod using ∼0.9(2π)/fwhm(Q z ). Experimental details are described in the literature. 5, [26] [27] [28] [29] [30] Results and Discussion 1. Surface Pressure-Area Isotherms and Brewster Angle Microscopy (BAM). The surface pressure-area (π-A) isotherms of pure SP have been published previously. 9, 37 The limit area per molecule of hemicyanine in pure dye film is close to 0.33 nm 2 . 13 BAM images of SP monolayers reveal inhomogeneous films (see the Supporting Information), with the coexistence of dark regions surrounded by bright areas. This situation persists at high surface pressures, which is indicative of an irregular structure in the monolayer formed. π-A isotherms of SP show the dependence on the counterion type and concentration used, 9, [13] [14] [15] 37 which significantly affects the H-aggregation shown for this compound at the air-water interface. [9] [10] [11] [12] [13] [14] [15] Presumably, such inhomogeneity of the SP monolayers is due to the imbalance between the perpendicular sections of the alkyl 2 ) and of the polar group (∼0.33 nm 2 ), which prevents the formation of organized large-size structures at the interface.
As a strategy to promote a proper balance between the sizes of the hydrophobic and hydrophilic groups, we have studied mixed monolayers of SP and DMPA at different molar fractions, x ) n SP /(n SP + n DMPA ). Thus, for a molar ratio x ) 0.5 (SP: DMPA ) 1:1 monolayers), the DMPA molecule provides two aliphatic chains to the set, so the minimum perpendicular section of the 1:1 mixture would be around 0.6 nm 2 per SP molecule. The anionic DMPA can also offset the positive charge of the SP molecule, which favors the complete miscibility of the mixture. Finally, it has to be highlighted that the alkyl chains of DMPA are shorter than that of SP. Therefore, it is expected the DMPA headgroup is next to the hemicyanine pyridyl group, although close to the hydrophobic region of the assembly, so that the DMPA polar group does not avoid the hemicyanine aggregation by the dye molecular tilt (see the idealized sketch shown in Scheme 1B). Consequently, the hemicyanine group would have freedom of movement, bending properly to allow its aggregation.
Monolayers of SP:DMPA ) 1:1 (x ) 0.5) have been formed at the air-water interface by the cospreading method. Figure 1 (top left) shows its surface pressure-area (π-A) isotherm at 21°C. As can be seen, the takeoff of the isotherm occurs at 2.2 nm 2 /SP molecule, and the isotherm shows an overshoot at 10 mN/m and 1.54 nm 2 , approximately. After the overshoot, the surface pressure increases again with the decreasing area per molecule. At π ) 50 mN/m, the surface area is A ) 0.6 nm 2 / SP molecule, which corresponds to three totally vertical alkyl chains, that is, two per DMPA molecule and one per SP molecule.
Simultaneous to the isotherm recording, the morphology of the mixed monolayer at the air-water interface is directly observed by BAM. At low surface pressure only the gas phase is observed ( Figure 1A ). When the surface area decreases, the monolayer appears to be homogeneous ( Figure 1B) , indicating the complete miscibility of the components. At π ≈ 8 mN/m, small circular domains appear ( Figure 1C ). These circular domains have inner textures with different brightness. Thus, the circle regions located above and below are darker than the environment, while the lateral regions of the circle are brighter. Before the overshoot, some branches grow from the circles. The brightness of these branches depends on the direction of their growth, that is, those growing in the horizontal direction are dark, while they are bright along the vertical direction, which is coincident with the laser incidence. After the overshoot, BAM allows us to observe some branches changing the direction of their growth together with their brightness ( Figure 1D ). Under further compression, the branches grow lengthwise, but not transversally (see panels E and F of Figure 1) . Finally, at high surface pressure, the surface is completely covered with branch domains with different brightness, depending on their longitudinal direction ( Figure 1G,H) .
On the other hand, the temperature has a dramatic effect on the morphology of the domains. Figure 2 (top left) shows the π-A isotherms at 17, 21, and 25°C for the SP:DMPA ) 1:1 monolayer. Under these conditions, the takeoff of the isotherms decreases and the isotherm overshoot is shifted to higher surface pressures as the temperature increases. However, at high surface pressure the isotherm areas are independent of the temperature. Figure 2 also shows BAM images recorded at 25 and 17°C. For both temperatures circular domains with inner textures can be observed. At 25°C, and as in the previous case, branches grow from these domains, which are wider and shorter on average than those observed at 21°C, and also the brightness of the branches depends on the direction of the growth ( Figure  2B ,C). Notoriously, there is not growth of branches at 17°C ( Figure 2D-F) . In any case, circular domains have the same inner textures as in the previous case.
The BAM images shown in panels D and E of Figure 2 correspond to the π-A isotherm at 17°C, during the first compression cycle. When the monolayer is decompressed, and a second compression process is realized, some hysteresis at low surface pressure happens (see Figure 2 , top left, gray line). The hysteresis at low surface pressure is related to the fact that the domains do not disappear completely when the monolayer is expanded. However, a significant phenomenon is observed during the second compression process, that is, the circular domains grow much more than those in the previous cases (see Figure 2F ,G). Initially ( Figure 2F ), circular domains have the same inner textures as those during the first compression. However, during the growth of such domains, the outer layers adopt a slightly different brightness, and result in the formation of branches ( Figure 2G ).
It is necessary to indicate that the isotherm overshoot cannot be observed during the second compression isotherm ( Figure  3 , gray line), and neither for the π-A curves obtained during the expansion of the monolayer (data not shown). An additional experiment was realized that consisted of comprising the SP: DMPA ) 1:1 monolayer up to a surface pressure prior to the overshoot (π ≈ 8 mN/m), and the spontaneous evolution of the monolayer at this constant pressure was registered (see top left in Figure 1 , dashed line). We observed that the area decreased to a value close to 1.2 nm 2 /per SP molecule, while BAM images showed circular domains and branches growing from the circles, with similar textures as those described in Figure 1 . On the basis of the above, the existence of the isotherm overshoot could be interpreted in terms of a dynamic jump, 38 related to the kinetics of the monomer attachment to 2D aggregates. In fact, the formation of oligomers results in the decrease of the excess surface pressure of the monolayer. In these cases, the existence of the overshoot can be qualitatively explained by the fact that the aggregation rate is relatively slow due to the increase of the number of monomers in the aggregate.
It should be noted that the BAM images of pure DMPA monolayer or pure SP monolayer do not show the morphological behavior observed in Figures 1 and 2 . 39, 40 It has been shown how some macrocations can be electrostatically attached to a DMPA matrix, [41] [42] [43] [44] [45] [46] forming domains without internal textures, because of weak or no aggregation between these macrocations. However, hexagonal and circular domains with inner textures were observed for mixed DMPA/Methylene Blue (MB) monolayers, 8 although those circular domains had different textures in comparison with those observed here. As for MB, we can assert that the molecular aggregation of SP induces the formation of domains with well-organized structure. Moreover, the texture of the domains observed depending on their orientation is indicative of anisotropic structures. An additional fact that deserves mention is the absence of the coalescence between domains. Figure 3 shows the π-A isotherms of SP:DMPA monolayers, obtained at various molar fractions of SP, as well as some BAM images recorded simultaneously. In this figure, the isotherm areas are expressed per molecule. It has to be pointed out that the isotherm overshoot could not be observed for x * 0.5. For x ) 2 / 3 , small circular domains with inner textures and without branch growth can be observed by BAM ( Figure 3A ,B). However, in this mixture the domains are poorly displayed, because the reflectivity of the brightest areas of the domains is similar to the reflectivity of the surrounding areas. For x ) 1 / 3 ( Figure 3C,D) , domains without inner textures are observed ( Figure 3C ), which are transformed into a lattice structure at high surface pressure ( Figure 3D ). As in the previous case, domains without structure are formed for x ) 1 / 6 , but the domains coalesce in this case as the surface pressure increases. For high surface pressure, the plot of the area per molecule vs composition at a constant pressure shows a minimum at x ) 0.5 (see the Supporting Information), which agrees with the formation of a 1:1 complex. Moreover, only one collapse pressure is observed for all the binary mixtures, which is indicative of miscible components.
Additionally, some experiments for the SP:DMPA ) 1:1 monolayer by using buffered subphase (acetic acid/acetate 10 -5 M) were carried out. We observed that isotherms and BAM images do not show any differences from those obtained by using unbuffered subphase.
2. Synchrotron Grazing Incidence X-ray Diffraction (GIXD). Grazing Incidence X-ray Diffraction (GIXD) measurements have been performed in order to obtain quantitative information about the 2D symmetry of Langmuir monolayers. GIXD is sensitive only to the condensed parts of the monolayer, giving an ordered structure that can result in X-ray diffraction. The liquid expanded phase contributes to the background scattering. Structural changes along compression occurring for the SP:DMPA ) 1:1 mixed monolayer have been monitored. The X-ray diffraction patterns were recorded before and after the overshoot of surface pressure (ca. 10 mN/m). Moreover, the further effect of maintaining the surface pressure under a constant value of 10 mN/m has been studied, as it implies an elongation of the branches observed by BAM (see Figure 1) . GIXD also has been performed at a higher value of surface pressure of 25 mN/m. Figure 4 shows the corrected X-ray intensities as a function of the scattering vector components Q xy and Q z for the mixed SP:DMPA monolayer at 10 mN/m and different times after compression. Diffraction peaks and rods values are depicted in Table 1 , among with their full-width at half-maximum values. Quantitative information on the unit cell parameters can be found in Table 2 . Tilt angle and cross sectional area are also described. For comparison purposes, the pure DMPA monolayer has also been studied (see the Supporting Information). The pure DMPA monolayer shows three different phases, going from low to high surface pressures. At 5 mN/m the lipid forms an Overbeck (Ov) phase. With compression of the monolayer, at 10 mN/m the DMPA monolayer undergoes a phase transition to a L 2 phase. In the L 2 phase, the distortion of the lattice is significantly smaller. The tilt angle of the hydrocarbon chains is also reduced. At a high surface pressure of 30 mN/m, the DMPA monolayer shows a LS phase, in which the lipid tails are untilted. The transition into the nontilted state occurs at ∼15 mN/m. Therefore, an increase of the lipid ordering, as well as a progressive decrease of the in-plane area, is observed with compression of the monolayer (see the Supporting Information). Figure 4A shows the diffraction patterns for the mixed monolayer SP:DMPA ) 1:1 just before the overshoot of surface pressure (see isotherm in Figure 1 ), at ca. 10 mN/m. Two crystalline phases can be distinguished: (a) an orthorhombic, untilted phase (this phase shows two Bragg peaks both at Q z ) 0, with Q xy ) 1.44 Å -1 and Q xy ) 1.58 Å -1 ; the hydrocarbon tails are tightly packed) and (b) an Overbeck (Ov) phase 47, 48 showing two Bragg peaks at Q xy ) 1.45
The overshoot of surface pressure causes a modification of the mixed monolayer, observed by BAM as growth of branches (see Figure 1C-F) . The effect of this mesoscopic rearrangement on the molecular structure of the mixed monolayer is described by using GIXD. Figure  4B shows the diffraction patterns for the 1:1 mixed monolayer after a waiting time of ca. 30 min. The Bragg peaks belonging to the orthorhombic phase give a weaker signal, indicating a decreasing amount with time in the mixed monolayer. However, they can still be quantified. The structural parameters of the orthorhombic phase do not significantly change with further compression of the mixed monolayer. Regarding the Ov phase, the intensity of the diffraction peaks increases their intensity with time at a constant pressure of 10 mN/m. This increase indicates a larger contribution of this phase to the global structure of the monolayer. The distortion of the lattice decreases slightly with time, but the chain tilt and the cross-sectional area are unchanged (see Table 2 ). This relaxation may be related to the growth of the branches observed by BAM ( Figure 1C-F) . Figure 4C shows a decrease of the intensity for the orthorhombic phase Bragg peaks. An increase of the intensity for the Bragg peaks belonging to the Overbeck phase can also be observed. As seen in Table 2 , there is no significant change in the structural parameters for the Overbeck and orthorhombic phases. The crystalline structure of the mixed monolayer has also been examined at a high value of surface pressure. Figure 4D shows the diffraction patterns for the 1:1 mixed monolayer at a surface pressure of 25 mN/m. As noted previously, there is a further increase of intensity for Bragg peaks belonging to the Overbeck phase. This behavior permits us to relate the circular domains with the orthorrombic phase and the branches grown from the circles with the Overbeck phase.
As seen in Table 2 , for the Overbeck phase a little decrease of the tilt angle of the hydrocarbon chains, while maintaining the packing, is observed. There is a slight increase in the distortion of the lattice. Additional information from the fullwidth at half-maximum of Bragg rods (fwhm(Q z )) can be obtained. The length of the scatter l can be defined as l ) 0.88(2π)/fwhm(Q z ). 49 For the orthorhombic phase, l is ca. 1.7 nm, corresponding to the length of the DMPA hydrocarbon chains in the all-trans conformation. In the case of the Overbeck phase, l is ca. 2.5 nm. This length agrees well with the length of the hydrocarbon chain for the SP molecule in the all-trans conformation. Therefore, it is expected that in this phase the DMPA molecule is packed with the glycerol group region stretched and also forming part of the scattering unit. This conformation confirms the assumption in subsection 1. On the basis of the shorter length of the DMPA chains, the DMPA molecule is able to interact to a higher extent, in this case even ordering the glycerol region, with SP molecules.
3. Reflection Spectroscopy and Determination of SP Polar Angle in the Mixed SP:DMPA Monolayers. Reflection spectroscopy detects only those molecules which are at the interface and contribute to enhanced reflection from the air-water interface. 36 This technique gives us valuable information on the organization, density, and orientation of the chomophore molecules located at the air-water interface. 3, 19, 41, 44 Reflection spectra ∆R of SP:DMPA ) 1:1 monolayers on the water subphase at different surface pressures are shown in Figure  5A .
For low values of absorption, the reflection ∆R has been shown to be proportional to the surface concentration of the dye, and is given in a reasonable approximation by 16, 19, 36, 41 where Γ is the surface concentration (in mol cm -2 ), R i ) 0.02, the reflectivity of the interface air-water at normal incidence, ), and f orient is a numerical factor that takes into account the different average orientation of the square transition moment of the dye in solution as compared to the monolayer at the air-water interface. For the domains observed in BAM images, the features of inner bright and dark regions indicate anisotropy. However, for a large region of the interface that includes numerous domains with a random distribution an isotropic film in the plane is considered and, therefore, there is not a preferential azimuthal angle, φ. This just happens during the reflection measurements. In this case, f orient is 19 where angle brackets indicate average values. The polar angle, θ, is defined as the angle between the SP transition moment, µ, and the normal to the air-water interface, while the azimuthal angle, φ, is defined as the angle between the projection of µ on the x-y plane and the x axis (see Scheme 1B).
If we considered that Γ ) 1/(A × N A ), where A is the area per SP molecule and N A the Avogadro constant, we can rewrite eq 1 as
The corresponding product ∆R × A ) ∆R norm is shown in Figure 5B . The quantity ∆R norm is proportional to the product f orient ε, and represents the reflection normalized to the surface density of SP. Therefore, they show more clearly the changes of orientation and/or association than the directly measured spectra.
At low surface pressures (π < 5 mN/m), the spectra present a low-energy band at 475 nm, corresponding to the π-π* transition over the chromophore in the trans configuration, and a band at 265 nm arising from the isolated transition on the pyridinium and phenyl moieties. 50, 51 As the surface pressure increases, some phenomena take place in the reflection band: (1) ∆R norm at 475 and 265 nm decreases, which should be related to the decreasing of the polar tilt angle of the chromophores and (2) for π > 5 mN/m, the maximum wavelength of the lowenergy band shifts to shorter wavelengths (from 475 to 459 nm), this fact must be attributed to the formation of H aggregates of the SP chromophores.
37,50-52
The oscillator strength is defined as 53 where ε 0 is the permittivity of the vacuum, m e is the electron mass, e is the elementary charge, and c 0 is the speed of light in a vacuum. In eq 4, the numerical factor 1.44 × 10 -19 is expressed in mol L -1 cm s. From eqs 1, 3, and 4, it is possible to define an apparent oscillator strength determined from the measured reflection spectra as 19 where the numeric factor 2.6 × 10 -12 is expressed in nm -2 s. Moreover, the ratio between the apparent oscillator transition and the oscillator strength from the solution gives the orientation factor, f orient ) f app /f. If the oscillator strength for any aggregation degree is conserved, according to the Davidov model, 8, [53] [54] [55] the average polar tilt angle θ could be evaluated by using eq 2. However, the oscillator strength of the hemicyanine group depends on the solvent polarity, 13 so we do not have a proper reference value for f.
An alternative way to estimate the chromophore angle is assuming that the hemicyanine group is located flat with respect to the interface for large surface areas, that is, θ ≈ 90°. In these cases, for A > 1.8 nm 2 , f app ≈ 1.2 has been calculated, and thus the oscillator strength is f ≈ 0.8 (eqs 2 and 5). This value is close to those published for species with similar dye groups, and ranged between 0.67 and 0.78. 13 The interface is completely covered by domains for A e 0.7 nm 2 , where the surface pressure increases sharply (see Figure  1) . A ≈ 0.7 nm 2 should be the area corresponding to that occupied for hemicyanine molecule (or per DMPA) in the circular and branch domains. For these areas, values of f app ≈ 0.7 were obtained, and according to eq 2, θ ≈ 50°.
Therefore, the reflection spectra analysis shows two fundamental phenomena as the surface pressure increases, first the formation of H aggregates (shifting of the visible band toward lower wavelengths), and second the tilt of the hemicyanine group (decreasing of the apparent oscillator strength).
The area limit per SP molecule in the pure dye film is close to A 0 ≈ 0.33 nm 2 , 13 and corresponds to a vertical orientation of the hemicyanine group. The polar angle obtained, θ ≈ 50°, is indicative that the hemicyanine group extends to occupy much of the available area at the air-water interface. The projected area of the chromophore onto the surface assuming a tilt angle of 50°has been estimated by means of HypeChem 6.0, 56 obtaining a value of 0.64 nm 2 , approximately. This value agrees with the idea that the polar group of DMPA hardly occupies a net area at the interface, and is probably located next to the hemicyanine pyridyl group, but immersed in the boundary between hydrophobic and hydrophilic regions (see Scheme 1B).
The Organization of Hemicyanine Polar Group and the Simulation of Circles Domain
Textures. Scheme 2A shows some circular domains observed by BAM at different temperatures. Also, Scheme 2B shows some domains observed at 17°C for a second cycle under compression. As discussed earlier, the texture of these domains is the same, that is, with bright lateral and dark vertical regions.
The experimental BAM reflectivity is a relative amount. If the exposition time to the reflected light (auto set function in the BAM equipment) is increased, improved resolution of the dark regions is achieved, countering the decreased resolution for the bright areas (Scheme 2C). In this case, although the general texture is similar to that observed previously at 21°C, the circular domain textures show a thin vertical gray region surrounded by darker regions (see Scheme 2C).
In a BAM experiment, p-polarized light reaches the air-water interface with an angle R ) 53.15°, Brewster angle. Usually, the different BAM textures are observed due to changes of the refractive index resulting from differences in thickness, density, and/or molecular orientation between the different regions of the film. However, for our system, the SP molecules absorb at the 532 nm laser beam (see Figure 3) . As previously suggested, the domain formation is induced by the SP aggregation whose absorption originates the strong changes in the film refractivity. Therefore, this phenomenon would be mainly responsible for the appearance in a first approximation of domain textures. In such a case, the Fresnel equations for biaxial
∫ Band ∆R norm dν (5) anisotropic materials on isotropic substrate should be used to calculate the reflection of the film. 57 The SP:DMPA ) 1:1 mixed film is assumed to be a biaxial material with complex refractive indices of N q ) n q -ik q (q ≡ x, y, and z, see the Supporting Information).
To obtain the BAM images the analyzer was fixed at 0°, and therefore, only the p-component of the reflection is detected. Thus, the N y component does not affect the final result. Moreover, the absorption coefficients can be expressed as follows: k x ) k 0 × sin(θ) × cos(φ), and k z ) k 0 × cos(θ). Assuming values for the different constants (k 0 , n x , n z , θ, φ, and the thickness of the film, d), the absolute reflectivity of the film can be determined. Following, this absolute reflection must be transformed into a relative gray level scale (from 0 to 255) for the simulation of the domain texture. Details of the simulation procedure are given in the Supporting Information. From reflection spectra θ ≈ 50°is calculated, being estimated from the values k 0 ≈ 0.15, n x ) n z ≈ 1.6, and d ≈ 3.7 nm. In such a way, the reflectivity depends exclusively on φ. This simulation model is only approximate because the anisotropy of the DMPA alkyl chains is not considered.
From now on, the axis x (laboratory coordinates) is defined as the projection of the laser incidence axis on the interface (see Scheme 2D) .
If the presence of the vertical gray region in the circular domains is ignored, at this discussion point, we can consider that the reflectivity inside each circle changes progressively with the rotation angle, being brighter at the lateral position of the circle than at the vertical position. Also, the reflectivity is almost constant for any radius of the circle, which permits us to suppose that the azimuthal angle φ of the hemicyanine group is constant for a given radial direction (see Scheme 2D). In any case, some small changes in the texture can be appreciated, which should be linked to fluctuations in the molecular orientation.
The angle formed between the x axis and any radius of the circle (circle rotation angle) is denoted by γ, and is the angle between the projection of the dipoles moment on the x-y plane and the radial direction (see Scheme 2D). In this way, the azimuthal angle is φ ) γ + . Parts E and F of Scheme 2 show sketches for ) 90°(concentric configuration) and ) 0°( radial configuration), respectively, where dashed lines represent the projection of the transition dipole on the x-y plane.
As previously observed, the regions located at the lateral position of the experimental circle domains are always brighter than those located at the vertical position. Usually, this type of texture indicates a preferential perpendicular orientation of the transition dipoles along the radial direction ( ) 90°, Scheme 2E, concentric configuration). However, the reflected light (ppolarized) of thin films under Brewster angle incidence is not a linear phenomenon and the simulation is necessary to clarify some experimental details as, for example, the thin gray vertical region observed in the texture domain. As discussed below, this phenomenon is not due to a change in the dipole orientation, but an optical effect resulting from the reflection at the Brewster angle incidence. Figure 6A shows the results of the circular domain simulation for different polar tilt angles θ, and for different angles, using k 0 , n x , n z , and d values estimated previously. In any case, the simulated brightness (reflectivity) of the domains is a relative amount, and is related to the minimum and maximum reflection of each case (see the Supporting Information). We have observed that for θ g 60°and ) 90°(concentric configuration), the texture appearance of the domain is approximately coincident with that experimentally registered (parts A and B in Scheme 2). However, for θ e 30°, where the absolute reflectivity is low (see the Supporting Information), the texture appearance is also coincident with the experimental domains when ) 0°( radial configuration) (Scheme 2A,B) .
For θ ) 50°and ) 90°, and for θ ) 35°and ) 0°, the model predicts the appearance of a narrow gray region along the vertical direction of the circular domain, surrounded by darker regions (see Figure 6A ). This fact agrees with the experimental texture observed when the reflectivity increases (see Scheme 2C). The theoretical textures of the circular domains, for θ ) 50°(from reflection spectroscopic analysis) and ) 90°, are shown in Figure 6B , where the exposure time to the light also has been simulated (see the Supporting Information). The results show the thin gray vertical region could be better defined as the exposure time increases. For ) 90°, the size of this gray region decreases as θ increases, disappearing completely when θ g 60°. For ) 0°, the size of this gray region decreases as θ decreases, disappearing completely for θ ) 30°.
Unfortunately, the theoretical texture changes as a function of θ ( Figure 6A ) cannot be observed because the experimental polar angle remains almost constant under any experimental condition, even when the temperature is changed. Therefore, the two situations in which the texture of the simulated domains matches the experimental texture, that is, θ ≈ 50°and ) 90°, or θ ≈ 35°and ) 0°, cannot be distinguished.
However, it is possible to change the texture of the experimental domains varying slightly the incidence angle of the polarized light. Thus, for the k 0 , n y , n z , and d values used previously, the Fresnel's equations predict the maximum reflection for φ ) 0°and 180°when R e 53°, and independently of the θ value, whereas if R g 53.8°, the reflection is maximum for φ ) 90°and 270°, also for any θ value (see the Supporting Information). The top portions of panels a, b, and c of Figure  7 show domain textures with R ) 52°, 53.15°, and 54°, respectively.
For R ) 52°and 54°, the reflectivity increases considerably, and image resolution becomes worse. To improve such a situation, the images in Figure 7 were equalized (bottom). As is clearly observed, the domain texture is inverted when R changes from 52°to 54°. The key to distinguish between the two options proposed by the simulation (θ ≈ 50°and ) 90°, or θ ≈ 35°and ) 0°) is the following: for the experimental domain, the texture is the same for R ) 52°and 53.15°, and therefore, in both cases the maximum reflectivity corresponds to φ ) 0°and 180°. In these cases, since the bright regions are located in the lateral positions of the circles, γ ) 90°or 270°, and with φ ) γ + , ) 90°or 270°can be deduced, that is, a concentric configuration. Therefore, one could argue that θ ≈ 50°. This result is coincident with that previously obtained from the reflection spectra.
Inside the circular domains obtained for the SP:DMPA ) 1:1 system, the hemicyanine group adopts the concentric configuration but, in any case, the alkyl chains rearrange in orthorhombic configuration, as tested by GIXD.
Branches Formation and Hemicyanine Polar Group
Organization. At 17°C, during the second compression process, and when the circular domains are large enough, rings are formed around them, which are broken away from the central structure. This phenomenon is clearly observed in Figure 2G and Scheme 3A, and may help us to understand the mechanism of formation and growth of branches arising from the circular domains.
In circular domains, the SP molecules are aggregated along the radial direction with ) 90°(concentric configuration, see Scheme 2D), which somehow must minimize the domain energy. However, this energetic advantage seems to disappear when the domain grows too much, at least for external molecules whose circle curvature becomes negligible. Likewise, neither circular domains nor branches growing from them coalesce under compression, indicating an anisotropic line tension.
58-60
The anisotropic line tension may be originated by the different tilt of the lipid at the boundary of the domains, similar to the behavior of the liquid crystal. 61 In this case, as in liquid crystals, small defects originate the formation of regions or branches that grow independently of the central domain, and for which anisotropic line tension prevents their coalescence with the central domain. The number of defects increases with the temperature, and so does the proliferation of the number of branches arising from circular domains.
Once a branch is formed after the breakup of a ring segment of the circular domain, its growth is only along and not across the branch. Therefore, the growth of this branch-like domain is different from that for circular domains. As for liquid crystal phases, the average projection of the dipole transition in the interface could be described by a unit vector called the director and denoted by n (see Scheme 3B). Because of the branch growth, the molecular aggregation is the phenomenon that defines the n direction. The molecular aggregation at the end of the branches is energetically favorable with respect to the aggregation at the circular domains. As commented on previ- ously, the brightness of these branches depends on the direction of their growth, that is, of the n direction. Thus, branches grown along the vertical direction are bright, while they are dark in the horizontal direction. Intermediate brightness is obtained as a function of the angle between the x axis and n. When a branch changes its direction growth, its brightness changes simultaneously (see Scheme 3C). These changes in the brightness of the branches should be interpreted due to changes in the direction of the molecular aggregation, because of fluctuations or collisions with other domains. In any case, we must remember that BAM reflectivity is a relative magnitude.
A sketch of the aggregation of the hemicyanine group is depicted in Scheme 3D. For simplicity, the DMPA molecule is not represented. The model resembles two-dimensional smectic A phase (see Scheme 3E), similar to that described for liquid crystal where there are positional order along the director and the layer normal to the director. In this case, the azimuthal angle, φ, is defined by the angle between n and the x axis (laboratory coordinates). Anyhow, we must remember that the alkyl chains are packed in an Overbeck phase, as by GIXD. However, for the polar group, the orientation order is not perfect. For example, Scheme 3C shows how for some branches growing in the vertical direction, the central region of the branch is brighter than the lateral regions, which is related to the tilt of the dipole with respect to the director, possibly in a fan-type configuration (see Scheme 3E). This phenomenon increases with the temperature (see branched domains in Figure 2C ) and can be related to the anisotropic line tension of the domains.
Conclusions
In this work, the formation of mesoscopic 2D structures at the air-water interface from mixed SP:DMPA monolayers has been reported. For this system, lateral aggregation of the hemicyanine group induces the formation of domains with longrange order, showing different textures and indicating the existence of anisotropy. Thus, circular domains with bright horizontal regions and dark vertical regions have been observed. Furthermore, depending on the temperature, it is observed how branches grow from circular domains, whose brightness depends on the growth direction. Thus, BAM images allow us to see some branches that change their growth direction and their brightness simultaneously.
GIXD experiments for the SP:DMPA ) 1:1 mixed monolayer show the coexistence of two phases, orthorhombic and Overbeck, at 10 mN/m, which account for the packaging of the alkyl chains. With increasing the waiting time at 10 mN/m, the Overbeck phase is increased at the expense of the orthorhombic phase, which increases its contribution to the global structure along the isotherm. At a high value of surface pressure of 25 mN/m, almost all the mixed monolayer is in the Overbeck phase, although there is still a small part of the monolayer in the orthorhombic phase. The orthorhombic phase structure is not modified along the isotherm, while the Overbeck phase structure is slightly modified under compression. This behavior permits us to relate the circular domains with the orthorhombic phase and the branches grown from the circles with the Overbeck phase. However, the texture of the domain formed and observed by BAM does not depend on the packing of alkyl chains, but the rearrangement of the hemicyanine polar group, because this group absorbs at the laser wavelength used in BAM.
The experimental circular domain textures have been simulated on the basis of the Fresnel equations for biaxial anisotropic materials on isotropic substrates. Therefore, the refractivity of the film can be calculated. In our simulation model, it has been assumed that the reflectivity is only caused by the absorption of the hemicyanine group. The simulation results support that the tilt angle of the hemicyanine group must be around 50°( polar angle), in good agreement with the value obtained from reflection spectra at the air-water interface. The light reflection (p-polarized) of thin films under Brewster angle incidence is a complex phenomenon and the simulation is necessary to clarify some experimental details as, for example, the thin gray vertical region surrounded by darker regions in the texture of circular domains. As demonstrated, this phenomenon is not due to a change in the dipole orientation, but to an optical phenomenon observed for certain values of polar angle, when the reflectivity is measured at the Brewster angle.
The experimental data obtained by means of GIXD and BAM are complementary and give us information about the rearrangement in the lipid (GIXD) and polar (BAM) regions of the monolayer, respectively. It is the hemicyanine aggregation that induces the domain formation, but there must be geometrical compatibility between the polar groups and alkyl chains to make possible the formation of large domains with well-defined structures.
The geometry of the structures formed depends crucially on a proper balance between the vertical sections of the hydrophobic and hydrophilic groups. We design a c as the interfacial area occupied by alkyl chains when they are fully extended, i.e. at high surface pressures. Thus, for the SP:DMPA ) 1:1 monolayer, a c ≈ 0.6 nm 2 . Moreover, we design a 0 as the minimum interfacial area occupied by the surfactant hydrophilic or headgroup. Monolayers with a 0 > a c could result in stable but heterogeneous films, as for SP monolayers without DMPA (see the Supporting Information), where a c ≈ 0.2 nm 2 and a 0 ≈ 0.33 nm 2 . When a 0 , a c , homogeneous monolayers can be obtained, although generally unstable, and consequently with low collapse pressures. This happens, for example, for monolayers formed by substances without polar group, such as semifluorinated alkanes. 62, 63 In general for homogeneous, insoluble, and stable monolayers, a 0 e a c , although the interactions between hydrophilic groups determine to a great extent the properties of the monolayer. For the mixed SP:DMPA ) 1:1 monolayer, we cannot determine the contribution of the DMPA polar group to the a 0 value. However, the experimental results indicate that the hemicyanine group tilts to fill the available surface excess at the interface (a c -a 0 ), resulting in a effective packing where a 0 ≈ a c . The high lateral aggregation energy of the hemicyanine group counters the repulsion between dipole moments in the monolayer. This fact stabilizes the monolayer and enables the domains growth to mesoscopic sizes. In this way, the domain structure depends on the ability of the dye to fill the available area.
